The mechanisms of delayed damage and recovery after intracerebral hemorrhage (ICH) remain poorly defined. Two rodent models of ICH are commonly used: injection of the enzyme collagenase (cICH) and injection of autologous blood (bICH). In mice, we compared the effects of these two models on initial and delayed tissue damage, motor system connections, and behavioral recovery. There is no difference in lesion size between models. Injection of autologous blood causes greater mass effect and early mortality. However, cICH produces greater edema, inflammation, and cell death. Injection of the enzyme collagenase causes greater loss of cortical connections and secondary shrinkage of the striatum. Intracerebral hemorrhage occurs within the motor system connections of the striatum. Mapping of the projections of the forelimb motor area shows a significant sprouting in motor cortex projections only in cICH. Both models of ICH produce deficits in forelimb motor control. Behavioral recovery occurs by 5 weeks in cICH and 9 weeks in bICH. In summary, cICH and bICH differ in almost every facet of initial and delayed stroke pathophysiology, with cICH producing greater initial and secondary tissue damage and greater motor system axonal sprouting than bICH. Motor recovery occurs in both models, suggesting that motor system axonal sprouting in cICH is not causally associated with recovery.
INTRODUCTION
Stroke is a leading cause of death and disability across the world. Intracerebral hemorrhage (ICH) constitutes up to 15% of all stroke cases, and has clinical outcomes that are often worse than ischemic stroke. 1, 2 Mortality rates are as high as 50% 1 month after stroke, and survivors typically suffer life-long functional deficits. 3 Two wellestablished animal models of ICH are used to better understand the pathophysiology of the disease and the endogenous mechanisms of repair. These vary considerably in their mechanism. The infusion of the bacterial enzyme collagenase disrupts local blood vessels and produces endogenous hemorrhage into the site of the injection 4 but also substantial secondary inflammation. 5 Direct injection of autologous blood produces an immediate focal hemorrhage but is not derived from the native vasculature. 5, 6 There have been comparative studies of these models in the rat, but no comparative studies in the mouse and no studies of the mechanisms of axonal sprouting and neural repair in experimental ICH. Axonal sprouting is a prominent feature of tissue repair and recovery in non-hemorrhagic stroke 7, 8 and is causally associated with motor recovery in preclinical stroke models. 9 The present studies compare the immediate and long-term tissue damage from collagenase and autologous blood infusion models of ICH in the mouse, and the process of axonal sprouting and behavioral recovery of forelimb motor systems in this stroke subtype.
MATERIALS AND METHODS Animals
All experiments were approved by the UCLA Chancellor's Animal Research Committee and performed in accordance with the National Institutes of Health animal protection guidelines. Two-month-old male C57/BL6 mice (Jackson Laboratories, Bar Harbor, ME, USA) were used in cohorts of 10 to 12 per group with a survival of 1 week, 5 weeks, and 9 weeks after stroke or sham procedure.
Models of Intracerebral Hemorrhage
Intracerebral hemorrhage was induced by the stereotactic injection of either autologous tail blood or of bacterial collagenase type VII (Sigma-Aldrich, St Louis, MO, USA) into the striatum. Mice were anesthetized with isoflurane and placed in a stereotaxic apparatus with constant anesthesia (1.5% to 2%) and core temperature maintained with a rectal probe (371 ± 0.51). Correlation between brain and core temperature was established by taking corresponding temperature readings during bICH, cICH, or sham operation (n ¼ 10). A rectal probe and a brain probe (TC-100 Temperature Controller, CWE, Inc., Ardmore, PA, USA) inserted into the contralateral hemisphere were initially calibrated to ensure accurate recording. Brain and core temperatures were recorded at 5-minute intervals throughout the operation. Respiratory rate was also monitored. Animals were euthanized immediately after the operation. For the operation, the scalp was shaved, incised linearly, and a burr hole was drilled at A/P 0.95 and M/L 3.00 from bregma.
In the autologous tail blood injection (bICH), 20 mL of blood was drawn from the tip of the tail, and 12 mL of a 6:1 solution of blood with heparinized saline (1,000 units/mL saline) was loaded into a 25 mL Hamilton syringe with a 33-gauge blunt tip needle (Hamilton, Reno, NV, USA). Two successive injections were made at A/P 1.1 and A/P 0.8 to bregma. The needle was lowered at a 101 angle from the vertical to D/V À 3.00 so that it would not penetrate the forelimb motor cortex. After 5 minutes, the needle was retracted to D/V À 2.60 and 6 mL of autologous blood was infused at 0.5 mL/minute with two 5-minute post-injection waiting periods at D/V À 2.60 and D/V À 2.20 to allow for clotting. The needle was then slowly retracted, and infusion was repeated at the second injection site.
Collagenase was diluted to a stock solution 0.115 U/mL in TESCA buffer (50 mM TES buffer (N-tris-(hydroxymethyl)methyl-2-amino-ethanesulfonic acid), 0.36 mM CaCl 2 in ddH 2 O). The needle and injection approach for collagenase-induced ICH (cICH) was the same as for bICH. After 5 minutes, 0.3 mL of collagenase was infused at 0.05 mL/minute with two 2-minute post-injection waiting periods at D/V À 2.60 and D/V À 2.20. Sham animals underwent needle insertion but no injection.
Mapping of Motor Cortex Connections
Changes in axonal density after stroke were assessed using intracortical injection of the neuroanatomical tracer biotinylated dextran amine (BDA 10000 MW, Life Technologies, Grand Island, NY, USA). Each treatment group (n ¼ 10 to 12) received an ICH or sham. Mice were injected with BDA into the forelimb motor cortex 8,9 at 4 and 8 weeks post treatment in separate cohorts. Mice were killed 1 week after BDA injection.
All brains were fixed, frozen, and coronally sectioned 50 mm apart (CM0530, Leica Biosystems, St Louis, MO, USA). A series of six sections spaced 200 mm apart were stained with Cy-5-conjugated Streptavidin (Jackson ImmunoResearch, West Grove, PA, USA), and prepared for visualization using a high-resolution Agilent DNA Microarray scanner (Agilent Technologies, Santa Clara, CA, USA). Every slide was scanned under Krypton/Argon laser at 10 mm resolution with a photomultiplier tube set at 5%. This microarray scanner measures fluorescence in a highthroughput analysis of glass slides with autofocus and a linear fluorescence quantification. Delineations of ipsilesional and contralesional striatum and cortices (ICX, CCX) were quantified (ImageJ, National Institutes of Health, Bethesda, MD, USA) for mean gray value (MGV) density profiles.
The same sections were subsequently cover slipped with Aqua-Poly/ Mount (Polysciences, Warrington, PA, USA) and imaged with a Nikon C2 confocal microscope (Nikon Instruments, Melville, NY, USA) at Â 10 for high-resolution BDA injection site images. Background MGV was measured for each section in the contralesional ventral cortex, which did not have axonal BDA label and reflected only background fluorescence. Individual injection volumes were determined by measuring the MGV of the Â 10 injection images for the contiguous region of dense extracellular BDA, taking the sum of section means, and multiplying by 200 mm, the distance between sections. MGVs for each section were normalized to background MGV and individual injection volume.
Higher MGV means more axonal fluorescence, and indicates more axonal projections. To validate this statement from results of the microarray scans, one section from each animal was stained with Cy-3conjugated Streptavidin (Jackson ImmunoResearch), imaged, and measured with microarray scanning as described. Then axonal projections in the contralesional striatum were then directly quantified t Â 40 magnification 9 (StereoInvestigator MBF Bioscience, Williston, VT, USA) on a Leica DMLB fluorescent microscope (Leica Microsystems, Wetzlar, Germany). The microarray fluorescence intensity was correlated with the direct axonal counts (GraphPad Prism 6, La Jolla, CA, USA).
Behavior
Paw-preference was determined by the percentage of single-handed rears in the cylinder test 10,11 before ICH. Mice were categorized with preferences of left and right (n ¼ 10 to 12 per group) if they exhibited 475% rears with one specific paw. Mice then received ICH/sham treatment in the hemisphere contralateral to paw-preference. Mice were tested at 1 week, 5 weeks, and 9 weeks post treatment. All behaviors were scored by observers who were masked to the treatment condition. 10, 12 Grid-walking and cylinder rearing performance were assessed as described previously. 9, 11, 13 Mice were killed after week 9 of behavior testing.
Histology and Immunohistochemistry
Brains were fixed, frozen, and coronally sectioned at 50 mm. A series of four sections spaced 200 mm apart were stained for glial fibrillary acidic protein (GFAP, for astrocytes) and ionized calcium binding adaptor molecule 1 (Iba-1, for microglia/macrophages) as described. 8, 12 Sections were blocked in 5% normal donkey serum and 0.3% Triton, and incubated with primary antibody overnight at 4 1C. Sections were then incubated with secondary antibody for 1-2 hours at room temperature, mounted on gelatin-subbed slides, dehydrated with alcohol washes, and cover slipped using DPX mounting medium (Sigma-Aldrich). Primary antibodies were goat anti Iba-1 (1:500, Abcam, Cambridge, MA, USA) and rat anti GFAP (1:500, EMD Millipore, Billerica, MA, USA). Secondary antibodies were donkey F(ab)2 fragments conjugated to Cy-2 and Cy-5 (1:500, Jackson ImmunoResearch). High-resolution Â 20 confocal images and Z-stacks were acquired in sections double stained for GFAP and Iba-1 (C2, Nikon Instruments). Images were quantified as described 9 with MGV density profile (ImageJ, National Institutes of Health). Periinfarct MGV was normalized to the corresponding contralesional MGV. Higher MGV indicated a higher density of GFAP-positive or Iba-1-positive cells.
Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay was performed as described previously 12 on series of three sections using ApopTag In Situ Apoptosis Detection Kit (S7110, EMD Millipore). Briefly, sections were incubated with terminal deoxynucleotidyl transferase, which catalyzes the addition of nucleotide triphosphates labeled with digoxigenin to the 3'-OH ends of double-stranded or single-stranded DNA (which localize in apoptotic bodies in high concentrations). The digoxigenin was then detected with an antibody conjugated to fluorescein. Nuclear stains were performed by incubating the sections for 5 minutes in phosphate-buffered saline containing propidium iodide before cover slipping. Cell nuclei tagged by TUNEL were manually quantified using neuroanatomical quantification software (StereoInvestigator, MBF Bioscience).
For mapping of Cholera Toxin Subunit B-injected brains, at the time of ICH induction, 0.5 mL of retrograde neuronal tracer Cholera Toxin Subunit B (CTb, List Biological Laboratories, Campbell, CA, USA, diluted to 20 mg/mL in 10% DMSO) was infused with collagenase, blood, or alone. Seven days after treatment, animals were killed, and brains were fixed, frozen, and coronally sectioned at 50 mm. A series of six sections spaced 200 mm apart were blocked in 5% normal donkey serum and 0.3% Triton, incubated with a CTb primary antibody (Goat anti-CTb, 1:500, List Biological Laboratories) overnight, and incubated with a secondary antibody (Donkey anti-goat conjugated to Cy3, 1:500, Jackson ImmunoResearch) for 1 hour. Sections were mounted, cover slipped, and visualized under the Cy3 filter on a DMLB epifluorescent microscope (Leica Microsystems). Cortical cells labeled with CTb were manually quantified using neuroanatomical quantification software (StereoInvestigator, MBF Bioscience).
Lesion or infarct size was measured in tissue sections stained with Cresyl violet. 14 Images at Â 4 magnification were acquired (SPOT 5.0, Diagnostic Instruments, Sterling Heights, MI, USA) in six 50-mm sections spaced 200 mm apart and area measurements of infarct, hemisphere, striatum, and ventricle were quantified using ImageJ software. Hemorrhagic injury volume was computed by summation of the infarct areas multiplied by the inter-slice distance of 200 mm. Ventricle dilation and striatal deterioration were measured on the basis of percent ventricular enlargement, and percent striatal shrinkage compared with the contralateral hemisphere.
Brain edema was measured using the wet/dry weight method as previously described. 15 Briefly, animals (n ¼ 20) were euthanized, and the brain was removed and dissected into the left and right hemisphere. The cerebellum was kept as an additional control. Tissue samples were rapidly weighed with a basic precision scale (APX-153, Denver Instruments, Bohemia, NY, USA) and dried for 24 hours in a vacuum oven at 80 1C. The percent brain water in each tissue sample was calculated according the following equation: %water ¼ ((wet weight À dry weight)/ wet weight) Â 100%.
The hemoglobin content of brains subjected to bICH, cICH, or sham (n ¼ 18) was quantified with a spectrophotometric assay as previously described. 16 Briefly, animals were euthanized, and the brain was removed and dissected into the left and right hemisphere. Distilled water (250 mL) was added to each tissue sample, followed by homogenization for 1 minute and centrifugation at 13,000 r.p.m. for 30 minutes. After the hemoglobin-containing supernatant was collected, 100 mL of Drabkin's reagent (Sigma-Aldrich, K 3 Fe(CN) 6 200 mg/L, KCN 50 mg/L, NaHCO 3 1 g/L, pH 8.6) was added to a 25 mL aliquot and allowed to stand for 15 minutes. This reaction converts hemoglobin to cyanomethemoglobin, which has an absorbance peak at 540 nm. Optical density was measured at a wavelength of 540 nm with a spectrophotometer. Results from three samples per mouse were averaged. To verify that the measured absorbance reflected the amount of hemoglobin, blood was obtained from naïve mice by cardiac puncture after anesthesia. Incremental aliquots of this blood (0, 1, 2, 4, 8, and 16 mL) were added to freshly homogenized brain tissue from untreated mice to generate a standard absorbance curve. This curve showed a linear relationship between added blood and optical density. The ratio of hemoglobin content was calculated according to the following equation: ratio ¼ (ipsilesional hemisphere/contralesional hemisphere).
Statistical Analysis
All tests were analyzed blindly to experimental condition. Animals were randomly assigned to treatment condition. Sample size was determined by a power analysis (Statistical Solutions, Cottage Grove, WI, USA), with the expected variance and change in performance in the grid-walking and cylinder rearing tasks predicted based on published studies. [8] [9] [10] 13 A group size of n ¼ 10 was predicted to be sufficient to detect a statistically significant result in analysis of variance with a ¼ 0.05 and power 40.8. No animals were excluded from the analyses in these studies. All data are expressed as mean±s.d. For axonal quantification, specific structural measurements, and behavioral testing, differences between treatment groups were analyzed using two-way analysis of variance corrected for multiple comparisons, with Tukey-Kramer post hoc testing. Statistical differences in mortality rate were determined using w 2 analysis (all statistics performed with GraphPad Prism 6).
RESULTS

Infarct Volume and Tissue Damage
There is no difference in lesion size between ICH models 24 hours after stroke (n ¼ 13, bICH ¼ 2.201 mm 3 ± 1.362, cICH ¼ 2.716 mm 3 ± 1.560, Figures 1A-C) , and no significant difference between bICH and cICH at any coronal level through the lesion, indicating similar lesion location as well as size (Supplementary Figure 1D ). The methodology for producing the hemorrhage did not generate differences in physiologic variables, such as brain or body temperature or respiratory rate (Supplementary Figure 1A ). Brain and body temperature was highly correlated (R 2 ¼ 0.7156, n ¼ 10). This equivalency in lesion size means that observations on tissue damage and reorganization are likely influenced by the model mechanism, rather than the size of the lesion. The hemorrhagic area is visibly denser in autologous blood ICH (bICH) than in collagenase ICH (cICH) ( Figure 1D ), indicating a region of bland infarcted tissue in the cICH model. This is confirmed by measuring hemoglobin content from brains with bICH, cICH and sham, with bICH having significantly greater amounts of hemoglobin in the same lesion volume ( Figure 1E , bICH ¼ 3.843 ± 1.058, cICH ¼ 2.069 ± 0.492, sham ¼ 1.186 ± 0.214, n ¼ 16, **Po0.01, ***Po0.001). The reduced blood content in cICH, but same lesion size as bICH, indicates that cICH produces hemorrhage plus bland (non-hemorrhagic) stroke, which is apparent in tissue sections from cICH ( Figure 1C ). Autologous blood ICH is produced with trace heparinized saline, to prevent clotting of autologous blood between collection and injection into the brain. Hemoglobin content was compared from bICH with cICH and with cICH with trace heparinized saline added to the collagenase. However, there was no difference in hemoglobin content between cICH and cICH with trace heparin, so these two groups were combined in the statistical analysis.
Progressing damage was measured in both models. Hemispheric enlargement was greater in bICH, peaking at 3 days (Supplementary Figure 1E , n ¼ 21, *Po0.05, **Po0.01, 1st day: bICH ¼ 3.70% ± 3.77, cICH ¼ 3.68% ± 3.04, sham ¼ À 0.4% ± 2.05, 3rd day: bICH ¼ 6.47%±4.24, cICH ¼ À 1.14%%±4.14, sham ¼ 2.26%±2.57). Although brain edema was seen in both models, only cICH showed significantly increased brain edema at 3 days ( Figure 1F ). This indicates that the hemispheric enlargement in bICH is due to mass effect from the blood but not to edema. Also, total mortality of mice, with deaths occurring exclusively in the first 48 hours after ICH, differed between the experimental models. While no mouse died in the sham group, overall mortality was 5.6% in cICH and 12.5% in bICH (*Po0.05, n ¼ 127, Supplementary  Figure 1A ). Mice which died post operation were excluded from all further experiments. No animal death occurred more than 48 hours after stroke. Both ICH models were associated with moderate weight loss compared with sham-operated mice (Supplementary Figure 1B) . 
Inflammation, Gliosis Cell Death, and Axonal Loss after Intracerebral Hemorrhage
The inflammatory response to ICH was assessed at multiple time points after stroke. Iba-1 staining for microglia/macrophages after ICH showed an increase in staining in both models at 3 and 7 days, that is significantly increased compared with sham injection at 7 days (Figures 2A and 2B , n ¼ 4 per group, *Po0.05, **Po0.01, ***Po0.001), with a greater increase in cICH. An increase in GFAP staining for astrocytes was seen at 1, 5, and 9 weeks after stroke. There is substantial variability in GFAP staining after ICH. Although it did not reach significance, cICH showed a higher level of GFAP immunoreactivity around the hemorrhage cavity than bICH (Figures 2A and 2B ). Power analyses indicate that variation in GFAP staining across treatment groups is such that a sample size of over 30 in each group (540 for the entire study) would be necessary to detect a significant difference in GFAP staining.
Terminal deoxynucleotidyl transferase dUTP nick-end labeling staining 24 hours after stroke revealed extensive cell death throughout the infarct core, especially in cICH ( Figures 3A and  3B ). The number of TUNEL þ cells did not differ between bICH and sham groups at the 24-hour time point ( Figures 3A and 3C ) but was significantly higher in cICH (**Po0.01, n ¼ 16). Seven days and 21 days after ICH, there are elevated levels of TUNEL þ cells in cICH and bICH, but these are not significantly different from sham ( Figure 3C ). Note that the sham condition in all of these studies is needle placement alone (without blood or collagenase injection) into the striatum, which produces this low level of observed cell death. In bICH and cICH, TUNEL þ cells were found in the infarct core and adjacent periinfarct areas ( Figure 3B ). Intracerebral hemorrhage in humans produces significant, delayed tissue atrophy. 17, 18 In mouse ICH, a decrease in ipsilesional striatum size was seen in both ICH models after 9 weeks, with significantly greater striatal shrinkage compared with sham in cICH ( Figure 3D , **Po0.01, n ¼ 12). The cICH model also showed ipsilesional ventricular dilation after 9 weeks. Thus, both models produce initial cell death, but this is of greater magnitude in cICH and results in greater long-term tissue atrophy in this model.
In human and rodent ICH, the striatum is the predominant location of damage. 19 It is also a site of termination of axonal projections from cortex and a passage point where cortical projections pass through to thalamus, brainstem, and spinal cord. 20, 21 Intracranial hemorrhage damages these connections. 22 The degree of loss of cortical projections to or through the striatum was measured by back-labeling all of the cortical axons that project to the site of the ICH with the axonal tracer CTb, within the collagenase or blood injection, and then measuring the retrogradely labeled cell bodies. This approach labels cells that project to or through the hemorrhagic lesion, 23 allowing a quantification of the effect of the ICH on network connectivity of the overlying cortex. A large number of neurons in cingulate, frontal, and parietal cortex of both hemispheres project to the site of the ICH (Figures 4A and 4B) . These include primary motor and somatosensory areas and secondary somatosensory areas bilaterally. There is a significant loss of cortical projections after ICH, particularly cICH. Collagenase-induced ICH causes loss of cortical projections from cortex ipsilateral and contralateral to the hemorrhage (Figure 4 , *Po0.05, ***Po0.001, n ¼ 12). Autologous blood ICH causes a less significant loss of projections only from contralateral cortex.
Motor Impairments after Intracerebral Hemorrhage Forelimb motor performance was assessed in both models. Animals performed similarly in a prestroke assessment of both grid-walking and cylinder rearing tasks. One week after stroke, bICH and cICH showed a significant motor deficit indicated by an increase in forelimb foot faults in the grid-walking task compared with baseline levels (Figure 5 , **Po0.01, ***Po0.005, n ¼ 32). By 5 weeks post stroke, functional recovery occurred in cICH, while there was still a significant motor deficit seen in bICH ( Figure 5 , **Po0.01). Gait in the bICH model returned to baseline performance by 9 weeks post ICH. The cylinder rearing task suggested an increased motor deficit in both models at 1 week and 5 weeks, although this was not significant.
Motor System Connections after Intracerebral Hemorrhage
Motor cortical projections have an important role in motor function and movement. In human and rodent ICH, the hemorrhage site is in the region of motor cortex projections within the ipsilateral hemisphere and from the ipsilateral hemisphere to contralateral cortex and striatum, 21 . The anatomical tracer BDA was injected into forelimb motor cortex 24 8 weeks after ICH. The axons were visualized with fluorescent labeling using a linear fluorescent high-resolution microarray scanner. To first determine that this measurement accurately and linearly measures axonal projections, BDA-labeled axons were counted and regressed with fluorescent measurements in the same area for all animals in this study ( Supplementary Figure 2A) . A statistically significant, linear correlation was shown between microarray scanner fluorescent intensity and number of axons, validating the accuracy of the microarray data (n ¼ 29, r 2 ¼ 0.6442, Supplementary Figure 2B ). There is moderate axon density loss in both bICH and cICH at 5 weeks post stroke compared with sham ( Figure 6B, At 9 weeks, corticostriatal projections are significantly increased in cICH compared with 5 weeks. Axonal density increased approximately fourfold in both the ipsilesional cortex and striatum, and over 10-fold in the contralesional cortex and striatum ( Figures 6A and 6B) . In the sham model, axonal labeling was similar between time points. While the bICH model showed the same increasing trends for motor system axonal connection as cICH, the changes in axonal density did not reach significance ( Figure 6 547±2.701) . Thus, cICH produces a significant axonal sprouting response from the ipsilateral cortex (above the ICH) to both the contralateral and ipsilateral cortex and striatum. In the grid-walking test, autologous blood intracerebral hemorrhage (bICH) and collagenase intracerebral hemorrhage (cICH) showed significant foot faults of the contralateral forelimb 1 week after ICH. While cICH recovered to baseline performances by 5 weeks after ICH, bICH still exhibited motor deficits. Both groups performed at baseline levels by 9 weeks after stroke. (B) The cylinder rearing task suggested an increased motor deficit in both models at 1 week and 5 weeks, which was not significant (**Po0.01, ***Po0.001, n ¼ 32). NS, nonsignificant.
DISCUSSION
The development of novel therapeutics to support repair after stroke and ICH is dependent on accurate animal modeling of the disease. This study performed a direct comparison of tissue damage and long-term neurologic function in the two most widely used models of experimental ICH in the mouse, collagenase ICH (cICH) and autologous blood ICH (bICH). The two ICH methods produce equivalent lesion sizes. Collagenase intracerebral hemorrhage produces a lesion that more closely matches a hemorrhagic stroke, with bland tissue and less blood in the same-sized lesion cavity. Despite this equivalency in lesion size, cICH produces greater cell death, edema, inflammation, and delayed ventricular dilation, and bICH produces greater initial mass effect from the blood and higher mortality. Both types of hemorrhage destroy axonal projections to the striatum, but this loss was dramatic in cICH, with loss of over 95% of the projections from the cortex contralateral to the striatal hemorrhage site. Both models produced forelimb motor control deficits, with those in cICH recovering at 5 weeks and those in bICH recovering by 9 weeks. New motor projections form between 5 and 9 weeks in cICH from forelimb motor cortex to ipsilateral and contralateral cortical and striatal areas. This difference in tissue damage and long-term axonal sprouting patterns indicates that the two models used in ICH differ in almost every facet of initial and delayed effects of stroke and of reactive plasticity in the post-stroke brain.
In the present study, we modified injection of autologous blood and collagenase for the ICH. Initially, these ICH models were developed so the blood or the collagenase was injected directly down into the targeted brain area, the striatum. 25 However, these coordinates cause the needle to penetrate the mouse forelimb motor cortex, causing damage to this primary motor region and complicating the interpretation of a motor deficit, as the motor deficit may be due to the hemorrhage in the striatum or to the damage in the motor cortex from the needle en route to the striatum. To resolve this complication, the injection was done at a 101 angle, with the needle tract not passing through the forelimb motor cortex. We further improved the previous models of ICH by administering blood or collagenase via a smaller, 33-gauge needle. This modification prevented backflow commonly seen, especially in bICH, and further minimized damage from the technique itself outside of the hemorrhage site. This revised method in both models of ICH produced lesions that did not differ in size at any anterior/posterior level. The use of heparin in bICH did not induce additional bleeding when added as a test to the There was a significant increase in axon density in cICH compared with sham in the both contra-and ipsilesional striatum and cortex. (n ¼ 32, *Po0.05, **Po0.01, ***Po0.001). bICH, autologous blood intracerebral hemorrhage; NS, nonsignificant.
cICH model, but it may be associated with other effects not studied here. Both lesions targeted the dorsolateral striatum, the site of sensorimotor system function. 20, 21 However, although these lesions overlap across animals in their location within the dorsolateral striatum of the mouse, their precise anatomic positions were not matched.
Previous studies have compared collagenase and blood ICH models in the rat. The differences in the rat between these two models parallel many of those in the mouse. As in the present findings in the mouse, rat cICH produces greater edema, local neuronal loss in the striatum, and greater tissue atrophy; inflammation is more pronounced in the rat cICH model. 26, 27 As in the present study, the cylinder test of forelimb function shows a very modest cylinder effect in cICH in rats 28 or a short-term effect in cICH in mice. 29 Some of the effects of bICH and cICH in the mouse are distinct to that seen in the rat. Behavioral deficits persist for a greater period in rat cICH 26, 30 than in the mouse. Unlike in rat, sensorimotor deficits as measured by gait in the mouse resolve sooner in cICH than bICH. These two lesions models also have very distinct patterns of axonal loss and later axonal sprouting.
One of the main findings in this study is that there is a difference in axonal loss, long-term atrophy, and secondary axonal sprouting between cICH and bICH despite similarly sized lesions. Collagenase intracerebral hemorrhage produces greater shrinkage of the striatum and ventricular dilation than bICH. In fact, there is no difference in bICH in the striatal or ventricular size compared with sham. Collagenase intracerebral hemorrhage causes significantly greater loss of cortical projections, particularly in the projections from the somatosensory and motor cortical areas contralateral to the striatum, which are nearly completely lost after cICH. In rat cICH, there is loss of connections to the striatum with a modest reduction in neurons that project from the substantia nigra to the striatum, 31 a decrease in cortical projections from the ipsilateral motor cortex 32 and thinning of ipsilateral cortex. 26 There are no reports of axonal loss in the rat in bICH. This greater loss of axonal projections to the striatum in cICH in the mouse could be due to greater local tissue damage after the hemorrhage. Although the lesion size did not differ between the two models, there is greater cell death in hemorrhage tissue in cICH, edema, and inflammation. These may be measures of incomplete damage in apparently intact tissue adjacent to the hemorrhage after collagenase injection, rather than in autologous blood injection. This greater incomplete damage in perihematomal tissue in cICH is likely because damage in cICH reflects both hemorrhage and also bland (non-hemorrhagic) stroke ( Figures 1C and 1E) . In rat cICH, myelin is damaged and myelin debris is present 1 to 3 days after ICH in the margins of the hematoma and adjacent perihematomal tissue. 14 Axonal damage, as assessed by axonal accumulation of beta-amyloid precursor protein, retraction bulbs, and disintegrating axonal profiles, is seen in the first 3 days after cICH in the rat adjacent to the hemorrhage. 14 The present and published data suggest that cICH produces greater tissue injury in perihematomal striatum and that this leads to greater secondary tissue atrophy and loss of projections to the striatum from cortex. This is the first report of spontaneous axonal sprouting after ICH. While there is an increase in axonal projections from the forelimb motor cortex ipsilateral to the lesion in both models, this was only significant for cICH. In fact, cICH produces dramatic axonal sprouting from the forelimb motor cortex above the striatal hemorrhage, such that there is a three to fivefold increase in axonal projections from motor cortex. Axonal sprouting occurs in non-hemorrhagic stroke, from cortex opposite to the stroke to striatum, brainstem, and spinal cord and in the cortex adjacent to the stroke. 7 In the cortex adjacent to the stroke, axonal sprouting forms new projections that link motor cortex to premotor and somatosensory areas. 8 When the formation of these new projections from motor adjacent to the stroke to premotor cortex is blocked, mice do not experience motor recovery. 9 These data establish a causal role for post-stroke axonal sprouting in behavioral recovery in some mouse stroke models. In cICH, posthemorrhage axonal sprouting occurred between 5 and 9 weeks after the hemorrhage was induced. This means that axonal sprouting occurred after mice had recovered motor function, which occurred at 5 weeks after hemorrhage. Further, mice with cICH and bICH recovered to the same behavioral performance despite the very different degrees of axonal sprouting between these two ICH models. The inference here is that axonal sprouting in cICH, unlike that seen in non-hemorrhagic stroke in the mouse, is not associated with functional recovery.
Human ICH results in disconnection syndromes in overlying cortex, and recovery is associated with the strength of functional connectivity in sensorimotor areas. Patients with ICH in the striatum show lower measures of connectivity from the ipsilateral hand motor cortex to contralateral motor, striatal/basal ganglial and subcortical sites. 33, 34 This parallels cICH in the present study, where connections from the mouse forelimb motor cortex ipsilateral to the lesion drop out after the hemorrhage. These parallels between connectivity patterns in human ICH and mouse cICH raise the important issue of which mouse ICH model might be considered to most closely model the human condition. Damage after ICH in humans can occur with local displacement of brain structures from blood, mass effect from edema, and toxicity of blood breakdown products. 2 Edema after ICH produces a high early mortality. 2 The initial mass effect and higher mortality in mouse bICH models these early events in human ICH. However, in mouse cICH, there is greater overall tissue damage and a component of non-hemorrhagic stroke. Thus, the pattern of atrophy and loss of connections would suggest that cICH produces a pattern of injury seen in more severe human ICH and bICH produces a pattern of damage seen in less severe ICH. However, functional recovery occurs in both models. Thus, there are four conclusions from detailed studies of mouse ICH models: cICH produces a pattern of damage and disconnection that models moderate to severe human ICH; bICH produces a pattern of initial lesion progression that models human ICH; the patterns of behavioral recovery in the mouse are disassociated from the underlying brain damage; and reactive axonal sprouting in cICH is not linked to functional recovery.
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